Splicing and translation are highly regulated steps of gene expression. Altered expression of proteins involved in these processes can be deleterious. Therefore, the cell has many safeguards against such misregulation. We report that the oncogenic splicing factor SRSF1, which is overexpressed in many cancers, stabilizes the tumor suppressor protein p53 by abrogating its MDM2-dependent proteasomal degradation. We show that SRSF1 is a necessary component of an MDM2/ribosomal protein complex, separate from the ribosome, that functions in a p53-dependent ribosomal-stress checkpoint pathway. Consistent with the stabilization of p53, increased SRSF1 expression in primary human fibroblasts decreases cellular proliferation and ultimately triggers oncogene-induced senescence (OIS). These findings underscore the deleterious outcome of SRSF1 overexpression and identify a cellular defense mechanism against its aberrant function. Furthermore, they implicate the RPL5-MDM2 complex in OIS and demonstrate a link between spliceosomal and ribosomal components, functioning independently of their canonical roles, to monitor cellular physiology and cell-cycle progression.
INTRODUCTION
The serine/arginine-rich (SR) proteins are a phylogenetically conserved protein family involved in constitutive and alternative splicing (Long and Cá ceres, 2009) . SR proteins play additional key roles in the interplay between various steps in gene expression (Zhong et al., 2009 ). The shuttling SR protein SRSF1 is an essential, prototypical family member that functions in multiple steps of gene expression besides splicing, including chromatin remodeling, transcription, nonsense-mediated messenger RNA (mRNA) decay (NMD), mRNA export and stability, and translation (Das et al., 2007; Loomis et al., 2009; Michlewski et al., 2008; Sanford et al., 2004; Zhang and Krainer, 2004) . Furthermore, alterations in SRSF1 expression affect cell-cycle progression and cell viability (Li et al., 2005) . For example, SRSF1 knockdown promotes apoptosis by altering the splicing of proapoptotic genes (Moore et al., 2010) . SRSF1 is a proto-oncogene that is overexpressed in many different cancers (e.g., because of an increase in its gene copy number or through transcriptional activation by MYC) Das et al., 2012; Karni et al., 2007) . The oncogenic properties of SRSF1 are mediated in part through altering splicing of various oncogenes and tumor suppressors Ghigna et al., 2005; Karni et al., 2007) as well as through activation of the mTOR pathway (Karni et al., 2008; Michlewski et al., 2008) .
Normal cells resist oncogenic transformation by activating an intricate antitumorigenic pathway mediated by multiple cellcycle regulators and tumor suppressors. The tumor suppressor protein p53 (TP53) is one such critical regulator of cellular homeostasis. In response to cellular stress, multiple mitogenic and genotoxic signals converge to induce a p53-dependent response, resulting in cell-cycle arrest, apoptosis, DNA repair, or replicative senescence (Ko and Prives, 1996) .
Furthermore, aberrant activation of oncogenes in primary cells likewise activates p53-mediated tumor-suppressive barriers, leading to cell-cycle arrest and the onset of premature cellular senescence. This phenomenon, referred to as oncogeneinduced senescence (OIS), is one of the ways cells guard themselves against oncogenic transformation (Alimonti et al., 2010; Courtois-Cox et al., 2008; Bartkova et al., 2006; Narita et al., 2006) .
Considering its central role in controlling the cell cycle, the regulation of p53 is critically important for cell viability. The major regulator of p53 is the ubiquitin ligase MDM2. Upon binding to p53, MDM2 promotes p53 nuclear export and ubiquitylation, leading to its degradation. Additionally, MDM2 binding conceals the N-terminal activation domain of p53, inhibiting its transcriptional activity (Boyd et al., 2000) . Many factors regulate p53 by altering its interaction with MDM2, including a subset of ribosomal proteins (RPs) that function independently of the ribosome Horn and Vousden, 2008; Zhang et al., 2003) . One such ternary complex, consisting of L5, L11, and L23, binds and sequesters MDM2, blocking its ability to ubiquitylate p53 and consequently increasing p53 protein stability and activity . The RP-MDM2-p53 pathway acts as a stress sensor for aberrant ribosome biogenesis and function, which can be triggered in response to various cues, such as nutrient changes (Bhat et al., 2004) and oncogenic activation, that impose a large burden on the translational machinery. For example, the RP-MDM2-p53 pathway forms an effective barrier against MYCinduced lymphomagenesis (Macias et al., 2010) . Furthermore, mutations in the RP-interacting regions of MDM2 have been found in human tumors (Schlott et al., 1997) .
Here we describe a mechanism of OIS in response to overexpression of SRSF1, through physical and functional connections between SRSF1 and the RP-MDM2 complex, that result Figure S1 and Table S1. in p53 activation and, consequently, oncogenic-stress-induced senescence.
RESULTS

SRSF1 Is a Component of the RPL5-MDM2 Complex
To identify and study how SRSF1 proteinprotein interactions regulate the multiple cellular processes in which SRSF1 is involved, we performed immunoprecipitation (IP) followed by mass spectrometry (MS) of T7-tagged SRSF1 from doxycycline-inducible HeLa cells. Approximately one-third of all SRSF1-interacting partners identified were components of the ribosome ( Figure 1A ). As SRSF1 is an RNAbinding protein, we also performed IP-MS following extensive nuclease digestion to distinguish protein-protein interactions from interactions mediated by RNA. Very few of the SRSF1-RP interactions were lost with nuclease treatment, indicating that most of these interactions are independent of RNA ( Figures 1A and S1A ). However, a major difficulty when assessing interactions with RPs is that they are generally considered common contaminants in MS experiments due to their small size, positive charge, and high abundance (Trinkle-Mulcahy et al., 2008) . On the other hand, as SRSF1 has roles in translation regulation (Michlewski et al., 2008; Sanford et al., 2004; Sun et al., 2010) , these interactions cannot be ignored. To determine which, if any, SRSF1-RP interactions are biologically relevant and take place intracellularly, as opposed to those established postlysis or during the IP, we performed a quantitative isotopic differentiation of interactions as random or targeted (I-DIRT) IP-MS experiment (Tackett et al., 2005) (outlined in Figure S1B ) using the inducible T7-tagged SRSF1 cells. In short, I-DIRT is a quantitative form of mass spectrometry in which, by mixing differentially labeled control and experimental lysates at equal concentrations prior to the IP, one can determine which peptides found to interact with the target (T7-SRSF1) come from the control cells and which come from the experimental cells. A light/heavy ratio of around 1 indicates that, though the proteins were identified to interact with overexpressed T7-SRSF1, this interaction was not formed in the cell but instead formed postlysis, whereas a light/heavy ratio greater than 3 indicates that the majority of the peptides stem from the experimental T7-SRSF1-overexpressing cells, and thus the interaction is indeed physiological.
Strikingly, of the 74 and 69 RPs identified to interact with T7-SRSF1 without and with nuclease treatment, respectively, only RPL5 had a light/heavy ratio greater than 3-fold over background ( Figure 1B and Table S1 ). This indicates that the T7-SRSF1-RPL5 interaction formed predominantly intracellularly, and that only RPL5 specifically interacts with SRSF1; in contrast, the additional RPs identified formed interactions with T7-SRSF1 postlysis, and thus interacted nonspecifically. Furthermore, the SRSF1-RPL5 interaction persisted after nuclease treatment, suggesting that this interaction is not mediated through RNA ( Figures 1B and 1C) . Though SRSF1 cosediments with monosomes and polysomes in cytoplasmic extracts (Sanford et al., 2004) , no other RPs were identified by I-DIRT as specifically interacting with SRSF1 in the absence of nuclease treatment. To verify that the ribosome is not involved in the interaction of SRSF1 and RPL5, as well as to identify where in the cell this interaction takes place, we immunoprecipitated endogenous SRSF1 from nuclear and cytoplasmic fractions of HeLa cells. We detected no interaction between endogenous SRSF1 and RPL5 in the cytoplasmic fraction, but endogenous SRSF1 efficiently coimmunoprecipitated with RPL5 in the nuclear fraction ( Figure S1C ). Taken together, these data indicate that SRSF1 does not interact directly with the intact ribosome and that the SRSF1-RPL5 interaction occurs in the nucleus independently of the ribosome or the large subunit.
As RPL5 has functions separate from its roles in ribosome function and biogenesis, we used coimmunoprecipitation (coIP) of endogenous SRSF1 to examine whether SRSF1 is also a component of the RPL5/11/23-MDM2 complex. Consistent with the I-DIRT data, we detected an interaction between endogenous SRSF1 and RPL5; however, we did not detect interactions between endogenous SRSF1 and RPL11 or RPL23 (though overexpressed T7-SRSF1 did coimmunoprecipitate with RPL11 in HeLa cells, data not shown). In addition, we found that SRSF1 interacts with the E3 ubiquitin ligase MDM2 (Figures 2A and S2A) . As variations in the canonical RPL5/11/23-MDM2 complex have been previously reported (Horn and Vousden, 2008) , our data suggest that SRSF1 is part of an SRSF1-RPL5-MDM2 complex distinct from the canonical complex.
SRSF1 Stabilizes p53 through RPL5 and Is Necessary for
Ribosomal Stress-Induced p53 Activation Induction of ribosomal stress (such as by treatment with 5 nM actinomycin D, a concentration that specifically inhibits RNA polymerase I, thereby perturbing ribosome biogenesis) has been shown to trigger the formation of the RP-MDM2 complex Horn and Vousden, 2008; Zhang et al., 2003) . Interestingly, we observed that the interaction of endogenous SRSF1 with RPL5 and MDM2 was strengthened upon actinomycin D treatment (Figures 2A and S2A ), highlighting a physiological role for this complex in response to ribosomal stress. We did not observe any change in the subcellular localization of SRSF1 upon actinomycin D treatment ( Figure S2B ).
As the major role of the RPL-MDM2 complex is to sequester MDM2 and stabilize p53 Horn and Vousden, 2008; Zhang et al., 2003) , we investigated whether overexpression of SRSF1 affects p53 expression in nontransformed human foreskin fibroblast (BJ) cells. We generated doxycycline-inducible BJ cells overexpressing SRSF1 or with empty vector as a control. Induction of SRSF1, but not the control, led to increased levels of p53 protein similar to those seen by treatment with 5 nM actinomycin D ( Figure 2B ).
This increase in p53 was not due to a direct interaction between SRSF1 and p53 ( Figures 2A, S2A , and S2C), nor to changes in transcription, splicing, or mRNA stability of the major p53 isoform, as p53 mRNA levels did not change upon overexpression of SRSF1 ( Figure 2C ). Furthermore, overexpression of SRSF1 and/or actinomycin D treatment did not lead to activation of p14/ARF ( Figure 2C ), an upstream activator of p53, whereas both mRNA and protein levels of the p53 target gene CDKN1A (p21) increased when p53 was upregulated by either means (Figures 2C and S2D) .
Though our interaction studies suggest that SRSF1 does not interact with the ribosome, considering the involvement of SRSF1 in translation, we analyzed the effects on p53 expression in BJ cells of nuclear-retained SRSF1 (SRSF1-NRS) (Cazalla et al., 2002) (Figure S5A ), a chimeric protein unable to regulate translation (Sanford et al., 2004) . Stable overexpression of wild-type SRSF1 or SRSF1-NRS increased p53 expression to comparable levels ( Figure 3A ). Furthermore, SRSF1 has been shown to activate the mTOR pathway (Karni et al., 2008; Michlewski et al., 2008) , which in turn regulates TP53 mRNA translation (Astle et al., 2012) . However, we saw no reduction in the ability of SRSF1 to induce p53 when cells were pretreated with the mTOR inhibitor rapamycin ( Figure 3B ). We conclude that SRSF1 increases p53 protein expression and activity independently of direct or indirect effects on p53 transcription, splicing, mRNA stability, or translation.
To measure the effect of SRSF1 on p53 protein stability, we performed a cycloheximide-chase experiment in BJ fibroblasts and monitored p53 levels with and without SRSF1 induction (Figure 3C ). Wild-type p53 had a half-life of 15 min in the control cells. Overexpression of SRSF1 greatly increased the stability of p53 to the extent that no appreciable decline in p53 levels was seen over a 150 min time course, suggesting that SRSF1, like additional components of the RPL-MDM2 complex, inhibits degradation of p53.
To directly determine whether SRSF1 influences p53 ubiquitylation, we measured the ubiquitin status of p53 with and without SRSF1 overexpression in H1299 cells, which lack endogenous p53 . Transient overexpression of T7-SRSF1 with FLAG-p53 and His-Ub decreased the levels of ubiquitylated p53 while increasing the steady-state levels of p53 ( Figure 3D) . Thus, the effect of SRSF1 on p53 expression occurs at the level of protein stability, with SRSF1 blocking the ubiquitylation and proteasome-mediated degradation of p53.
We next determined whether this increased stability of p53 upon SRSF1 overexpression is dependent on the interaction of SRSF1 with RPL5. Small interfering RNA (siRNA)-mediated knockdown of RPL5 in BJ cells severely abrogated the effect of SRSF1 overexpression on p53, whereas a luciferase siRNA had no effect ( Figure 3E) , consistent with the inability of SRSF1 to interact with MDM2 upon RPL5 knockdown ( Figure S3A ). Furthermore, knockdown of SRSF1 inhibited both the RPL5-MDM2 interaction and p53 protein accumulation upon actinomycin D or 5-fluorouracil (Sun et al., 2007) treatment (Figures 3F, S3B, and S3C) , suggesting that SRSF1 is necessary for upregulation of p53 by ribosomal stress. Knockdown of SRSF1 alone did not affect p53 protein levels as compared to the luciferase control ( Figure 3F ). Importantly, DNA-damageinduced p53 activation was not affected by knockdown of SRSF1 ( Figure S3D ), indicating that SRSF1 functions specifically through the ribosomal-stress pathway. Taken together, our data indicate that SRSF1 is dependent on its interaction with RPL5 to increase the stability of p53 and that SRSF1 is a necessary component of the RPL-MDM2 complex that stabilizes p53 in response to ribosomal perturbation.
SRSF1 Overexpression Induces Senescence in Primary Fibroblasts
As SRSF1 is a proto-oncogene whose overexpression is sufficient to transform immortal rodent fibroblasts (Karni et al., 2007) , the role of SRSF1 in stabilizing p53 may seem counterintuitive. However, overexpression of other potent oncogenes, such as HRAS V12 , in primary cells likewise induces p53 activity, leading to a state of premature cellular senescence termed OIS (Chicas et al., 2010; Serrano et al., 1997) . In this way, p53 forms an essential barrier against cellular transformation upon oncogenic stress (Courtois-Cox et al., 2008) . We therefore characterized cell morphology and senescence-associated b-galactosidase (SA-b-gal) accumulation to determine whether modest overexpression of SRSF1 in nontransformed BJ fibroblasts induces senescence. Prolonged overexpression of SRSF1 resulted in enlarged and flattened cells with an increased number of intracellular vesicles-phenotypes typical of senescence (Chicas et al., 2010; Serrano et al., 1997) (Figure 4A, left panel, and S4A ). In addition, SRSF1 overexpression resulted in a 5-fold increase in the number of SA-b-gal-stained cells compared to uninduced control cells ( Figure 4A , right panel).
As senescence occurs with a gradual decline in cell proliferation (Chicas et al., 2010; Serrano et al., 1997) , we used EdU (a BrdU analog) incorporation to measure cell proliferation in the presence of overexpressed SRSF1 over a 7 day period. Within 4 days of SRSF1 overexpression, cell proliferation was drastically reduced to only 20% of control cells ( Figure 4B ). Senescence-associated heterochromatic foci (SAHF), an additional hallmark of senescent cells (Narita et al., 2006; Chicas et al., 2010) , were also observed in SRSF1-overexpressing cells but not in control cells ( Figure S4A ). However, unlike other senescence-inducing oncogenes such as HRAS, MOS, and CDK6 (Di Micco et al., 2006) , SRSF1 overexpression did not trigger an early phase of hyperproliferation ( Figure 4B ), nor did it cause detectable DNA damage, as western blotting and immunofluorescence showed no increase in g-H2AX levels or CHK1 phosphorylation ( Figure S4B , left and right panels, respectively). Furthermore, modest overexpression of SRSF1 in p53-null mouse embryonic fibroblasts (MEFs) ( Figure S4C ) failed to trigger premature cellular senescence ( Figure 4C ), indicating that the ability of SRSF1 to activate the tumor-protective senescence response is dependent on an intact p53 pathway. This is once again in contrast to Ras V12 -induced senescence, which does not require p53 in primary human fibroblasts (Serrano et al., 1997) .
Based on these results, we predict that tumors driven by SRSF1 overexpression would be compromised in their p53 tumor-suppressive pathway with mutations, loss or silencing of p53 itself, or any of its regulators or critical downstream target genes. To test this hypothesis, we analyzed public microarray data from different cancer types to ascertain the TP53 expression status of SRSF1-overexpressing tumors ( Figure S4D ). We found significant anticorrelation between SRSF1 and TP53 expression in cancers of the kidney (282 tumor samples), colon (293 tumor samples), and breast (352 tumor samples), with SRSF1-overexpressing tumors having a tendency to downregulate their TP53 expression.
RRM1 Is Required for Interaction with the RPL5-MDM2
Complex, p53 Induction, and OIS To further dissect the role of the SRSF1-RP-MDM2 complex in regulating p53 and inducing premature senescence, we examined the interaction of several SRSF1 domain mutants (Figure S5A) with the other components of the complex. Whereas the DRRM2 mutant was indistinguishable from wild-type SRSF1, the DRRM1 mutant was almost completely defective in interacting with RPL5 or MDM2 ( Figure 5A ). Interestingly, the DRS mutant, which is defective in nuclear-cytoplasmic shuttling and primarily accumulates in the cytoplasm (Cá ceres et al., 1998), still coimmunoprecipitated with MDM2-though the interaction was much weaker than that for wild-type SRSF1 or DRRM2-but did not interact with RPL5 ( Figure 5A ). Similarly, whereas SRSF1-NRS was able to interact with RPL5 and MDM2, SRSF1-AAA, another mutant of SRSF1 that accumulates in the cytoplasm , failed to interact with RPL5, yet weakly interacted with MDM2 and very marginally induced p53 protein ( Figures S5B and S5C ). We were unable to observe induction of p53 protein in HeLa cells, in which p53 protein is rapidly degraded due to the expression of HPV16-E6 (May et al., 1991) , unless we massively overexpressed SRSF1. Therefore, we examined the effects of these various mutants on induction of p53 and premature cellular senescence in BJ cells. Whereas DRRM1 was unable to induce p53, both DRRM2 and DRS overexpression led to a partial increase in p53 protein ( Figure 5B ), though in both cases the degree of p53 induction was lower than observed with wildtype SRSF1. Furthermore, only DRRM1 overexpression failed to slow down cell proliferation, as assayed by EdU labeling ( Figures 5C and S5D ). Unlike the wild-type protein, none of the deletion mutants were able to induce premature cellular senescence ( Figure 5D ) although DRS and DRRM2 induced both p53 expression and growth arrest to some extent; we attribute the failure of these mutants to elicit senescence to a threshold requirement for p53 induction. These data suggest that SRSF1 interacts with the RPL-MDM2 complex through RRM1; through this interaction, SRSF1 leads to senescence in primary fibroblasts.
DISCUSSION
We have identified an unexpected role of SRSF1 in regulating p53 protein stability and cell viability, which is summarized in our proposed model (Figure 6 ). We found that endogenous SRSF1 is an essential component of an RPL-MDM2 complex; through these interactions, it increases the cellular pool of active p53. Furthermore, p53 induction resulting from overexpression of SRSF1 in primary human fibroblasts leads to OIS through the nucleolar-stress pathway.
Using quantitative MS, we found that SRSF1 interacts specifically with RPL5, whereas the remaining RP interactions are (Sanford et al., 2004; Michlewski et al., 2008) , (E) BJ TT7-SRSF1 cells were transfected with luciferase or a pool of RPL5 siRNA for 36 hr followed by doxycycline induction for 36 hr, as indicated, and analyzed by immunoblotting.
(F) U2OS cells were transduced with luciferase or SRSF1 shRNA, selected with puromycin followed by actinomycin D (5 nM) treatment for 8 hr, as indicated, and analyzed by immunoblotting. See also Figure S3 .
A B C Figure 4. Overexpression of SRSF1 Leads to Senescence of Primary Fibroblasts through p53 Induction
(A) BJ TT7-SRSF1 cells were induced with doxycycline for 7 days, fixed, stained with X-gal, and observed at 203 magnification (left panels). Two hundred cells were counted for each condition (right panel); n = 6. Means ± SD are shown; ***p = 0.0003. (B) BJ TT7-SRSF1 cells were induced with doxycycline for 2, 4, or 7 days, incubated with 10 mM EdU, and observed at 203 magnification (top panels). One hundred cells were counted for each condition (lower panel); n = 6. Means ± SD are shown; *p = 0.05, **p = 0.005, ***p = 0.0008. (C) Wild-type or p53 null MEFs transduced with control or T7-SRSF1-expressing retroviruses were fixed and stained with X-gal (top panels). Two hundred cells were counted for each condition (lower panels); n = 3. Means ± SD are shown; *p = 0.05. See also Figure S4 .
the main cellular pool of SRSF1 does not appear to interact directly or stably with intact ribosomes. In addition to RPL5, we identified the E3 ligase MDM2 as an SRSF1-interacting protein. Previous reports described a complex of RPL5/11/23-MDM2 Horn and Vousden, 2008; Zhang et al., 2003) ; however, we did not observe this interaction by I-DIRT or by coIP with endogenous SRSF1 (though we detected RPL11 by coIP when we overexpressed T7-tagged SRSF1). The apparent lack of bona fide interactions with L11 and L23 suggests that SRSF1 functions in a separate complex from other previously described RPL-MDM2 complexes. It is possible that SRSF1 competes with L11 or L23 for binding to RPL5 and/or MDM2, therefore displacing components of the complex. Whether particular complexes are formed in reaction to distinct stress signals and whether these complexes activate distinct cellular responses upon induction of ribosomal stress will be important questions to pursue.
SRSF1 expression within cells is tightly controlled (Sun et al., 2010) . It is autoregulated, reflecting the fact that changes in SRSF1 expression can be deleterious to cells. Indeed, even a modest 2-fold overexpression of SRSF1 in immortal murine NIH 3T3 fibroblasts, which have a compromised p53 pathway, has been shown to transform them by promoting proliferation and inhibiting apoptosis (Karni et al., 2007) . Here we show that a powerful tumor-suppressive barrier has apparently evolved to guard against overexpression of SRSF1, further emphasizing SRSF1's potential as a potent oncoprotein. Although it remains unclear how oncogenic pathways can overcome the autoregulation of SRSF1 expression, we show here that enforced overexpression of SRSF1 in normal human primary fibroblasts with intact p53 activates the p53 tumor-suppressive pathway. Consequently, the cells are forced into a state of premature senescence, which protects the host against transformation.
Interestingly, premature senescence induced by SRSF1 overexpression in normal cells is distinct from the classical Rasinduced senescence (Serrano et al., 1997) , which is primarily a DNA-damage response induced by hyperproliferation, and is dependent on p16 activation (Bartkova et al., 2006; Chicas et al., 2010; Di Micco et al., 2006) . In contrast, SRSF1-induced senescence does not result in an early hyperproliferative phase, DNA damage, or activation of p14/ARF-likely due to aberrant activation of the ribosomal-stress pathway involving distinct regulators and mediators. Thus, the differences in the senescence phenotypes may stem from the distinct underlying mechanisms of induction. Furthermore, we show that SRSF1 is directly involved in mounting the antitumorigenic response to its own overexpression through initiating the formation of an SRSF1-RPL5-MDM2 complex, thereby stabilizing p53. Hence, it appears that SRSF1 autoregulates not only its expression, but also its function, so as to allow the organism to resist oncogenic transformation.
Aberrant activation of the PI3K/AKT signaling pathway likewise induces premature cellular senescence in the absence of hyperproliferation or DNA damage (Alimonti et al., 2010; Astle et al., 2012) . However, AKT-induced senescence is dependent on mTOR, a protein kinase that controls cell growth (Astle et al., 2012) . SRSF1 is also an activator of the mTOR pathway, but it bypasses upstream PI3K/AKT signaling (Karni et al., 2008) . Considering the critical role of mTOR in regulation of ribosome biogenesis (Mayer and Grummt, 2006) , these studies further emphasize the emerging concept of the central role that the ribosome plays in regulating cellular homeostasis and oncogenesis. Additionally, this is the first time that ribosomal stress has been implicated in OIS; however, determining whether this is a common mechanism of tumor protection caused by ribosomal perturbation or is unique to the SRSF1 proto-oncogene will need further investigation.
EXPERIMENTAL PROCEDURES
Plasmids pCG-T7-SRSF1, pCG-T7-SRSF1-DRRM1, pCG-T7-SRSF1-DRRM2, pCG-T7-SRSF1-DRS, pCG-T7-SRSF1-NRS, and pCG-T7-SRSF1-AAA were described previously (Cá ceres et al., 1998; Cazalla et al., 2002; Sinha et al., 2010) . pMSCV-TT-IRES-Puro was modified from the TMP vector (Dickins et al., 2005) and was a gift from Scott Lowe (MSKCC). pMSCV-TT-T7SRSF1 constructs were generated by subcloning the SRSF1 complementary DNA (cDNA) from the pCG-T7-SRSF1 plasmids into pMSCV-TT-IRES-Puro after amplification with Xho1-forward and EcoRl-reverse primers. pCDNA3.1-p53 and pCDNA3.1-HA-Ub were purchased from Addgene. For primer sequences, see Supplemental Experimental Procedures.
Cell Culture, Virus, and Stable Cell Line Generation BJ, HeLa, U2OS, and NCI-H1299 cell culture conditions were as recommended by the American Type Culture Collection (ATCC). Viruses were produced as described (Karni et al., 2007) . To generate stable doxycycline-inducible cell lines, Tet-On Advanced HeLa, BJ, and U2OS cells (Clontech) were infected with pMSCV-TT-T7SRSF1 constructs or pMSCV-TTIRES-Puro and selected with puromycin (Sigma-Aldrich). For inducible expression of SRSF1, doxycycline was added at 0.01-1.0 mg/mL for 36 hr. For I-DIRT (Tackett et al., 2005) , HeLa cells were passaged for six doublings in Dulbecco's modified Eagle's medium (DMEM; Thermo Scientific) without L-lysine and L-arginine and supplemented with either L-lysine-2HCl and L-arginine-HCl for light media or 13 C6 L-lysine-2HCl and 13 C6 15 N4 L-arginine-HCl (Thermo) for heavy media to a final concentration of 0.1 mg/mL each. ) and incubated on ice for 30 min. Lysates were cleared by high-speed centrifugation at 13,000 3 g for 15 min at 4 C.
Immunoblotting
Lysates were separated by SDS-PAGE, probed with the indicated antibodies, and, when appropriate, quantified using an Odyssey Infrared Imaging System (LI-COR Biosciences). Primary antibodies against the following proteins/ epitopes were used: T7 (Novagen), SRSF1 (AK-96, Cold Spring Harbor Laboratory), RPL5, RPL11, and RPL23 (GeneTex), MDM2 (2A10, Abcam), p53 (DO-1, EMD Biosciences), b-actin (BD Biosciences), p21 (Abcam), g-H2AX (Upstate Cell Signaling Solutions), phospho-CHK1 (Cell Signaling), p53 polyclonal (Abcam). Secondary antibodies were HRP-conjugated goat anti-mouse or anti-rabbit (Bio-Rad) for chemiluminescent detection, and IRDye 800 or 680 anti-rabbit or anti-mouse (LI-COR Biosciences) for infrared detection.
Immunoprecipitations Antibody capture and crosslinking to Dynabeads Protein G (Invitrogen) were performed according to the manufacturer's specifications. For I-DIRT IPs, heavy and light lysates were combined at equal total protein concentrations (determined by the Bradford assay) before incubation with beads. All IPs were incubated while rotating for 45 min at 4 C and then washed five times with lysis buffer.
Mass Spectrometry and Sample Preparation
Immunoprecipitations were subjected to on-bead digestion (Bish et al., 2008) with 75 ng of sequencing-grade trypsin (Promega) for 10 hr at 37 C. Tryptic peptides were desalted using ZipTipC18 pipette tips (Millipore). After elution, peptides were dried down and resuspended in 10 ml of buffer A (2% [v/v] acetonitrile, 0.1% [v/v] formic acid). Heavy amino acid incorporation for I-DIRT was analyzed on a quadrupole time-of-flight mass spectrometer (Q-TOF; Agilent 6520); interacting proteins were identified by 13-step multidimensional protein identification technology (MudPIT) ESI-LC-MS/MS on an LTQ Orbitrap XL Ion Trap Mass Spectrometer (Thermo Finnigan). Additional details are given in the Supplemental Experimental Procedures.
Cycloheximide Chase Assay
We treated 2 3 10 5 cells plated in 6-well plates with 10 mg/mL cycloheximide for the indicated times followed by lysis and immunoblotting.
RNA Interference
The RPL5 siRNA pool was purchased from Dharmacon. BJ and U2OS cells were reverse transfected with RNAiMAX (Invitrogen) at a final concentration of 20 nM. At 36 hr after transfection of the siRNA, doxycycline was added for an additional 36 hr, and (where indicated) 5 nM actinomycin D was added for 8 hr. Transduction with SRSF1 shRNA was performed as described (Karni et al., 2007) .
Additional siRNA Target Sequences Luciferase: 5 0 -CGUACGCGGAAUACUUCGA-3 0 RT-PCR Analysis RT-PCR was performed as described (Karni et al., 2007) . For a complete list of primers, see Supplemental Experimental Procedures.
In Vivo Ubiquitination Assays
The ubiquitination assay was adapted from Tansey (2006) .
Senescence-Associated b-Galactosidase Assay
The SA-b-gal assay was adapted from (Chicas et al., 2010) . SRSF1 expression was induced by Dox addition on day 0 and analyzed on day 7.
EdU Cell Proliferation Assay
EdU incorporation was measured using a Click-iT EdU Cell Proliferation Assay Kit (Invitrogen). SRSF1 expression was induced by Dox addition on day 0 and analyzed on days 2, 4, and 7. Cells were imaged using a Zeiss Axiovert 200 M fluorescent microscope.
Statistical Analysis
Where appropriate, the data are presented as the means ± SD. Data points were compared using unpaired two-tailed Student's t tests, and p values are indicated in the figure legends. 
SUPPLEMENTAL INFORMATION
